Rainbow trout (Oncorhynchus mykiss) adipose tissue undergoes major changes in immune gene expression following bacterial infection or stimulation with pro-inflammatory molecules by Veenstra, Kimberly A et al.
RAINBOW TROUT (ONCORHYNCHUS MYKISS) ADIPOSE TISSUE UNDERGOES 1 
MAJOR CHANGES IN IMMUNE GENE EXPRESSION FOLLOWING BACTERIAL 2 
INFECTION OR STIMULATION WITH PRO-INFLAMMATORY MOLECULES 3 
 4 
Kimberly A. Veenstraa, Eakapol Wangkaharta b, Tiehui Wanga, Lincoln Tubbsc, Juliette 5 
Ben Arousd, Christopher J. Secombesa * 6 
 7 
a Scottish Fish Immunology Research Centre, Institute of Biological and Environmental 8 
Sciences, University of Aberdeen, Tillydrone Avenue, Aberdeen, AB24 2TZ, UK 9 
 10 
b Division of Fisheries, Department of Agricultural Technology, Faculty of Technology, 11 
Mahasarakham University, Khamriang Sub-District, Kantarawichai, Mahasarakham, 12 
44150, Thailand 13 
 14 
c Elanco Canada Ltd., Aquaculture Research and Development, P.O. Box 17, Victoria 15 
P.E., C0A 2G0, CANADA 16 
 17 
d SEPPIC, 22 Terrasse Bellini, Paris La Défense, 92806 Puteaux, France 18 
 19 
* Corresponding author at: Institute of Biological and Environmental Sciences, 20 
University of Aberdeen, Tillydrone Avenue, Aberdeen AB24 2TZ, UK. Tel: +44 (0)1224 21 
272872; fax: +44 (0)1224 274429. 22 
 23 
Email addresses: k.veenstra@abdn.ac.uk (K. Veenstra), r03ew13@abdn.ac.uk (E. 24 
Wangkahart) t.h.wang@abdn.ac.uk (T. Wang), tubbs_lincoln@elanco.com (L. 25 
Tubbs), juliette.benarous@airliquide.com (J. Ben 26 
Arous), c.secombes@abdn.ac.uk (C. Secombes).  27 
 28 
Keywords:  29 
rainbow trout  30 
adipose tissue 31 
gene expression  32 






  39 
Abstract 40 
In mammals, visceral adipose is increasingly seen as playing an important role in 41 
immune function with numerous pro-inflammatory, anti-inflammatory and immune-42 
modulating proteins and peptides being identified in adipocytes. Adipose is also now 43 
known as a tissue that has an important role in the regulation of peritoneal immune 44 
responses. Despite this, only lately has consideration been given to visceral adipose 45 
as an important immune tissue in fish, especially in the context of intraperitoneal 46 
vaccination. The present study demonstrates that fish visceral adipose is capable of 47 
expressing a large range of immune molecules in response to stimulation with a live 48 
bacterium (A. salmonicida), a bacterial PAMP (Y. ruckeri flagellin), and the pro-49 
inflammatory cytokines IL-1β, TNF-α3 and IFN-γ. Following infection and stimulation 50 
with flagellin and IL-1β a large upregulation of pro-inflammatory and antimicrobial 51 
molecules was seen, with a high degree of overlap. TNF-α treatment affected relatively 52 
few genes and the effects were more modest. IFN-γ had the smallest impact on 53 
adipose but IFN-γ inducible genes showed some of the largest effects. Overall, it is 54 
clear that adipose tissue should be considered an active immune site in fish, capable 55 








1. Introduction 64 
 65 
In fish the major sites of lipid deposition are species dependent but tend to be located 66 
in the muscle, liver and the perivisceral cavity (Sheridan, 1988; 1989; 1994). The 67 
visceral fat deposit is located around the digestive tract and can account for 2–25 % 68 
of body weight (Weil et al., 2013) and consists almost entirely of adipocytes (Zhou et 69 
al., 1996; Fauconneau et al., 1997). While the mechanisms regarding the deposition 70 
and mobilization of lipid in relation to different external and internal factors haves been 71 
studied extensively in salmonids (Sheridan, 1988; Zhou et al., 2011; Todorčević & 72 
Hodson, 2016), the focus has primarily been on understanding lipid metabolism and 73 
its impact on flesh quality (Weil et al., 2013). However, mammalian perivisceral 74 
adipose (often referred to as the omentum) is increasingly seen as playing an 75 
important role in immune function (Lumeng & Saltiel, 2011; Ferrante, 2013; Grant & 76 
Dixit, 2015).  77 
 78 
Immune cells and numerous pro-inflammatory, anti-inflammatory and immune-79 
modulating proteins and peptides belonging to the cytokine, chemokine, complement 80 
and growth factor families have been identified in mammalian adipocytes (Rangel-81 
Moreno et al., 2009; Schäffler & Schölmerich, 2010; Chandra et al., 2011). In fish, 82 
adipocytes have been shown to constitutively express pro-inflammatory cytokines and 83 
genes relating to the interferon response (Todorčević et al., 2010; Pignatelli et al., 84 
2014), with the latter increased in response to viral hemorrhagic septicemia (VHSV) 85 
infection (Pignatelli et al., 2014). Mammalian perivisceral adipose can influence and 86 
be influenced by adjacent and embedded lymphocytes and has been found to play an 87 
important role in the regulation of the peritoneal immune responses (Walker et al.1960; 88 
Walker and Rogers, 1961; Rangel-Moreno et al. 2009). Leukocyte populations are 89 
also present in fish adipose, as seen in rainbow trout (Oncorhynchus mykiss) where 90 
the majority show a typical lymphocyte-like morphology and are able to transcribe Mx, 91 
IL-6, IL-8, IgM and IgT (Pignatelli et al. 2014). Furthermore, perivisceral adipose is 92 
capable of collecting bacteria and other particulates from the peritoneal cavity 93 
(Fedorko et al., 1971; Ha et al., 2006; Rangel-Moreno et al., 2009), a function that 94 
appears to be conserved in fish (Pignatelli et al., 2014). 95 
 96 
Fish vaccination has been shown to be a very effective means to control 97 
infectious diseases in aquaculture, and most often occurs via direct injection into the 98 
peritoneal cavity. The injection of vaccines or other inflammatory agents into the 99 
peritoneal cavity of fish generates a change in composition as well as a rapid increase 100 
in the number of cells present within the cavity (Korytář et al., 2013; Noia et al., 2014). 101 
Following administration of oil-based vaccines antigen persistence at the injection site 102 
is associated with stimulation and maintenance of inflammatory reactions, as seen in 103 
Atlantic salmon (Salmo salar) (Mutoloki et al., 2004; Evensen et al., 2005). More 104 
recently the work of Veenstra et al. (2017) has established that a broad range of 105 
immunomodulatory genes are differentially expressed in adipose tissue after 106 
intraperitoneal (i.p.ip) injection of oil-adjuvanted bacterial vaccines. This study 107 
highlighted perivisceral adipose as a particularly sensitive and discriminatory tissue 108 
for studying adjuvant effects, and revealed a relationship between adipose tissue 109 
immune function and the development of vaccine-induced adhesions.  110 
 111 
Such studies show that fish adipose tissue is immune reactive and responds to 112 
viruses and killed bacterial antigens when delivered into the peritoneal cavity. 113 
However, to date there have been no studies to determine the responsiveness of 114 
adipose to bacterial infection per se, or to relevant pathogen-associated molecular 115 
patterns (PAMPs) and cytokines that drive pro-inflammatory responses following 116 
infection. Thus in the present investigation we examined whether immune-related 117 
gene expression occurs within the adipose tissue of rainbow trout in response to i.p.ip 118 
challenge with the bacterial pathogen Aeromonas salmonicida and in response to i.p.ip 119 
injection of a bacterial PAMP –a recombinant flagellin of Yersinia ruckeri. In addition 120 
we examined immune-related gene expression within the adipose tissue in response 121 
to i.p.ip injection of recombinant pro-inflammatory cytokines IL-1β, TNF-α3 and IFN-γ 122 
to elucidate how such immune proteins, produced in response to infection or 123 
vaccination, can influence the immune response in adipose tissue, and whether such 124 
responses are comparable with those seen in other immune tissues. We demonstrate 125 
a large modulation of immune genes occurs in rainbow trout adipose in response to 126 
bacterial infection or stimulation with flagellin/ cytokines. 127 
 128 
2. Methodology 129 
 130 
2.1 2.1  Fish 131 
 132 
Juvenile rainbow trout (Oncorhynchus mykiss) weighing approximately 60gweighing 133 
122.6 08.8 ± 4.13.9 g (mean ± SEM) were purchased from College Mill Trout Farm 134 
(Perthshire, U.K.). and TheyThe fish were maintained at the University of Aberdeen 135 
aquarium facility in ~400L tanks at a stocking density of <20 kg/m3, which were at the 136 
University of Aberdeen aquarium facility supplied with recirculating freshwater with a 137 
water flow  rate of 1.5 L/s., TheyFish were kept at a temperature ofat 14±1°C, and a 138 
photoperiod of 12:12 light:dark. Water quality was continually measuredonitored by a 139 
via a computerised monitoring and control system, and assessed manually every 1-2 140 
weeks. Fish were fed ad libitum daily with commercial pellets (EWOS Sigma 150) and 141 
were acclimated for at least two weeks before use. All trials were carried out in 142 
compliance with the Animals (Scientific Procedures) Act 1986 by a UK Home Office 143 
license holder and approved by the ethics committee at the University of Aberdeen. 144 
 145 
 146 
2.2 2.2   Injection 147 
 148 
Fish were anaesthetised by immersion in 2-phenoxyethanol (Fluka, Gillingham, U.K.) 149 
and then given an intraperitoneal (ip.p.) injection with each formulation posterior to the 150 
pelvic girdle. Six treatment groups were examined during this study, as outlined in 151 
Table 1.  152 
 153 
Table 1: Treatment groups examined in this study. * sterile phosphate buffered 154 
saline.r : recombinant. 155 
No. Treatment Concentration Source 
1 PBS* 0.2 mL  -  
2 rYRF 10µg in 0.2 mL Wangkahart et al., 2016 
3 rIL-1β 5µg in 0.2 mL Hong et al., 2003 
4 rTNF-α3 5µg in 0.2 mL Hong et al., 2013 
5 rIFN-γ 5µg in 0.2 mL Wang et al., 2011 
6 A. salmonicida$ 0.5 x 10⁶ cfu in 0.2 mL Hooke strainvirulent isolate 
Table 1: Treatment groups examined in this study. * sterile phosphate buffered 156 
saline. r : recombinant* sterile phosphate buffered saline. r : recombinant. $ A non-157 
motile virulent isolate (Scott et al., 2013). 158 
. 159 
 160 
After injection with A. salmonicida the fish were maintained in 400 L tanks at 161 
the University of Aberdeen’s freshwater challenge facility. The fish were observed at 162 
regular intervals and did not display any symptoms of the disease during the 163 
experiment and no mortalities occurred (but were expected from day 3 onwards in the 164 
challenged fish). For all groups, the fish were kept in an appropriate number of tanks 165 
to allow sampling at different timings without stressing remaining fish. In the case of 166 
the A. salmonicida challenge the fish were killed by phenoxyethanol overdose and 167 
exsanguinated by cutting the gills at 24 h post-injection (hpi) and 48 hpi, since we have 168 
shown previously that major changes in gene expression are seen in adipose tissue 169 
by 72 hpi (Veenstra et al., 2017), and hence anticipated gene modulation would be 170 
faster following injection with a live, virulent pathogen. In the case of flagellin, we have 171 
found previously that larger responses are seen in spleen, liver, gills and skin at 6 hpi 172 
compared to 24 hpi at the dose used in this study (unpublished data), and hence we 173 
sampled adipose at both these timings. Similarly with the recombinant cytokines we 174 
sampled at 6 hpi and 24 hpi, to be comparable to the above. The cytokine dose used 175 
was based on our previous studies (Holland et al., 2002; Hong et al., 2003; Zou et al., 176 
2005; Wang et al., 2011a; Hong et al., 2013). Lastly, the PBS injected fish were 177 
sampled at appropriate timings to act as controls.  178 
 179 
2.3 2.3  Tissue sampling, RNA extraction and cDNA synthesis  180 
 181 
VSpleen, head kidney, and visceral adipose tissue (located around the internal 182 
organs (approx. 300 mg)) was harvested from freshly killed trout (n=6 per treatment 183 
group per time point) and) at 3, 14 and 28 dpv and snap frozen in dry ice. Spleen 184 
and head kidney (~100 mg) were then then homogenized in 1.5 mL of TRI Reagent 185 
(Sigma, Gillingham, U.K.) using a 5mm stainless steel bead (Qiagen, Manchester, 186 
U.K.) in a Qiagen Tissue Lyser II (2 min., 30 Hz). Samples were kept on ice for 5-10 187 
min. before being homogenized a second time (2 min., 30 Hz) and then stored at -188 
80°C until RNA extraction. The aAdipose tissue (~300 mg) was homogenized in 0.7 189 
mL of TRI Reagent (Sigma, Gillingham, U.K.) using a 5mm stainless steel bead 190 
(Qiagen, Manchester, U.K.) in a Qiagen Tissue Lyser II (2 min., 30 Hz) after which 191 
the samples were centrifuged (5000g, 5 min., 4°C) and the oil layer removed. A 192 
further 0.7 mL of TRI Reagent (Sigma) was added before samples were 193 
homogenized a second time (2 min., 30 Hz) with the samples then stored at -80°C 194 
until RNA extraction. Visceral adipose tissue located around the internal organs was 195 
harvested from 6 freshly killed trout per treatment group per time point and snap 196 
frozen. Adipose tissue (~300 mg) was subsequently homogenised in TRI Reagent 197 
(Sigma) and Ttotal RNA was isolated following the manufacturer’s guidelines. 6 µg of 198 
RNA with an A260/A280 ratio between 1.8 - 2.2 measured with a NanoDrop® ND-199 
1000 Spectrophotometer ND-1000 (ThermoFisher, Loughborough, U.K.) was diluted 200 
in 29.4 µL of 2mM Oligo(dT) T28VN (Eurofins, Koeln, Germany ) solution. The tube 201 
was then vortexed, centrifuged (5,000g, 30 s, 4°C), incubated at 70°C for 2 min, and 202 
placed on ice. cDNA was produced using a RevertAid™ Reverse Transcriptase Kit 203 
(ThermoFisher). The 29.4 µL Oligo(dT) / RNA mixture was added to new PCR tubes 204 
containing 1.6 µL of 10mM dNTP (ThermoFisher), 8 µL of 5x Reaction Buffer 205 
(ThermoFisher) and 1 µL of reverse transcriptase (ThermoFisher) per reaction. 206 
cDNA was synthesized in an Eppendorf Thermocycler (Stevenage, U.K.) using the 207 
following amplification program: 42°C for 1 h, 45°C for 30 min, 50°C for 30 min, 80°C 208 
for 10 min. The cDNA was then diluted to 600 µL in TE Buffer (pH 6.0) and stored at 209 
-20°C until use. 210 
  and as described previously (Veenstra et al., 2017). cDNA was synthesized using 211 
RevertAid reverse transcriptase (ThermoFisher, Loughborough, U.K.) with 6µg of 212 
total RNA per 40µL reaction as per the manufacturer’s instructions, then diluted with 213 
600 μL TE buffer (pH 8.0) and stored at −20°C. 214 
2.4  215 
2.4  Real-Time Quantitative PCR (RT-qPCR)  216 
 217 
 218 
RTqPCR was performed in a Roche LightCycler 480 using 2x SYBR Green qPCR 219 
Master Mix made with a DNA Polymerase Immolase (Bioline, London, U.K.) with 10 220 
μL reaction mixtures in 384-well plates (Roche, West Sussex, U.K.). Data were 221 
analysed using LightCycler®480 Software 1.5.1 (Roche). The amplification program 222 
was as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 62-68oC for 223 
30s, 72°C for 20-30 s, followed by fluorescent acquisition. The primers used for each 224 
gene and associated information are reported in Suppl. Table 1. All primers were 225 
designed so at least one primer crossed and intron and tested to ensure that each 226 
primer pair could not amplify genomic DNA using the RTqPCR protocols. Primer 227 
efficiency was determined to be between 95% and 105% by serial dilutions of 228 
reference DNA run along with the cDNA samples in the same plate, and was used for 229 
quantification of the cDNA concentration. A melting curve for each RTqPCR reaction 230 
was established between 72°C and 95°C to ensure only a single product had been 231 
amplified. All samples were measured in duplicate and the expression level of each 232 
gene was calculated as arbitrary units normalised to the expression of elongation 233 
factor (EF)-1α. The Cp value of EF-1α across all treatment groups in adipose tissue 234 
used in this study was found to be 11.3 ± 0.11 (mean ± SEM).  235 
The expression of each gene was measured in duplicate as described previously  236 
(Hong et al., 2013; Wang et al., 2016). QPCR was performed in a Roche LightCycler 237 
480 using 2x SYBR Green qPCR Master Mix made with an Immolase DNA 238 
Polymerase kit (Bioline) with 10 μL reaction mixtures in 384-well plates (Roche). Data 239 
were analysed using LightCycler®480 Software 1.5.1 (Roche). The primers used for 240 
each gene and associated information are reported in Suppl. Table 1. The relative 241 
expression level of each gene in tissues was expressed as arbitrary units that were 242 
calculated from the references and normalized against the expression level of the 243 
house keeping gene, elongation factor (EF)-1α as described previously (Wang et al., 244 
2011b).  245 
 246 
2.5 2.5  Gene Expression 247 
 248 
Fifty eight selected rainbow trout immune genes including acute phase proteins 249 
(APPs), antimicrobial peptides (AMPs), pro- and anti-inflammatory cytokines, 250 
cytokines of adaptive immunity and associated Th master transcription factors, the IL-251 
12 family cytokines, IFN-γ induced genes and B cell markers were analysed. The 252 
APPs included cyclooxygenase (Cox)-2 (Zou et al., 1999); Serum amyloid A (SAA); 253 
Serum amyloid P (SAP)-1 and -2. The AMPs analysed included 254 
CathCathelicidinelicidin- (CATH)-1 and -2 (Chang et al., 2006) and HepcidinHepcidin 255 
(Douglas et al., 2003). The pro- and anti-inflammatory cytokines included the highly 256 
expressed IL-1β paralogue IL-1β1 (Husain et al., 2012); IL-6A (Iliev et al., 2007) and 257 
IL-6B (Iliev et al., 2007); IL-8 (Laing et al., 2002); IL-11 (Wang et al., 2005); IL-18 (Zou 258 
et al., 2004); the four tumour necrosis factor-alpha (TNF-α) paralogues (TNF-α1-3, 259 
Hong et al., 2013; TNF-α4, unpublishedMilne et al., 2017); two IL-10 paralogues (IL-260 
10A and IL-10B, Harun et al., 2011) and transforming growth factor (TGF)-β1B (Maehr 261 
et al., 2013). The cytokines of adaptive immunity (Wang & Secombes, 2013) included 262 
the markers for Th1 (interferon (IFN-γ)1,2 (Zou et al., 2005); Th2 (IL-4/13A; IL-263 
4/13B1,2, Wang et al., 2016) and Th17 (the IL-17A/F paralogues IL-17A/F1a, IL-264 
17A/F2a, IL-17A/F3 and IL-17N, (Monte et al., 2013, Wang et al., 2015); and IL-22, 265 
(Monte et al., 2011)) type responses. The subunits (IL-12 [p35A1, p40B1, p40C], IL-266 
23 [p19], IL-27 [p28A and B, and EBI3]) (Husain et al., 2014; Jiang et al., 2015; Wang 267 
& Husain, 2014; Wang et al., 2014) of IL-12 family cytokines, that bridge innate and 268 
adaptive immunity, were also analysed. Other cytokine genes studied included IL-2 269 
(Díaz-Rosales et al., 2009), IL-15 (Wang et al., 2007), IL-15Like 270 
(unpublishedGunimaladevi et al., 2007), the IL-17C-like paralogues IL-17C1 and C2, 271 
(Wang et al., 2010a), IL-17D, IL-20-like (Wang et al., 2010b), IL-21 (Wang et al., 272 
2011b) and IL-34 (Wang et al., 2013). The master transcription factors analysed were 273 
T-bet, GATA3, RORγ and FOXP3a (Wang et al., 2010c,d; Monte et al., 2012). The B 274 
cells markers included membrane bound (m) and secreted (s) IgM and IgT (mIgM, 275 
mIgT, sIgM and sIgT). Lastly, the IFN-γ inducible genes studied were MX2, CXCL11, 276 
IRF-1 and SOCS1 (Wang & Secombes, 2008). 277 
  278 
2.6 2.6  Statistical Analysis  279 
 280 
Relative immune gene expression values (after normalization against the 281 
housekeeping gene EF-1α) were log2 transformed prior to statistical analysis (as 282 
described in Wang et al., 2011b). Differential gene expression was assessed by fitting 283 
a linear model with treatment as explanatory variables for 6 hpi and 24 hpi. When 284 
significant treatment effects were detected, group means of rYRF, rIL-1β, rTNF-α3 and 285 
rIFN-γ were compared to the PBS group post hoc using HSD tests. A. salmonicida- 286 
induced gene expression at 24 hpi and 48 hpi were compared to the PBS group at 24 287 
hpi. Model validation was performed by inspection of standard residual plots and 288 
significance assessed at p<0.05 (Venables & Ripley, 2002). All statistical analysesis 289 
wereas performed using the R statistical environment (version R-3.2.3., R 290 
Development Core Team, 2016) with heat maps generated using the” gplots” package 291 
(Warnes et al., 2016).. 292 
 293 
3. Results  294 
 295 
3.1  Response to Aeromonas salmonicida challenge  296 
 297 
A large number of genes were affected by the live pathogen challenge, with 44 of the 298 
58 genes studied found to be significantly altered at 24 hpi and/or 48 hpi in adipose 299 
tissue (Fig. 1, Suppl. Tables 2-3). The largest increase was seen at 24 hpi for IL-6A, 300 
with a 1,165 fold increase. Most of the genes showing changes were statistically 301 
significant at both time points, however some were more highly upregulated at 24 hpi 302 
(over double the fold increase at 48 hpi) (e.g. IL-1β, IL-6A, IL-6B, IL-10A, IL-17D, IL-303 
34 and sIgT) whilst others were more highly upregulated at 48 hpi (over double the 304 
fold increase at 24 hpi) (e.g. IL-4/13A, IL-17C2, IL-21, IFN-γ2, SAA, sIgM, 305 
CATHCathelicidin-2, Cox-2, CXCL11 and IRF-1). Two genes were only upregulated 306 
at 24 hpi (TNF-α4 and RORγ), whilst IL-2, IL-17C1, p19A, p40B1 and T-bet were only 307 
upregulated at 48 hpi. Curiously, IL-11 and IL-22 were significantly downregulated at 308 
both time points, while EBI3 was downregulated at 48 hpi. IL-10B, IL-17A/F1-3, IL-309 
17N, p28A, SAP1 and SAP2, TGF-β1B, TNF-α3, CATHCathelicidin-1 and GATA3 310 
were not significantly altered in adipose tissue in response to the pathogen. Lastly, IL-311 
20 and p28B transcript expression was not detectable at either time point, the latter 312 
highlighting the large differences in expression that can be seen between gene 313 
paralogues in some cases.  314 
 315 
Figure 1: Average fold change of gene expression in adipose tissue of fish 316 
administered live A. salmonicida (mean + SE, n=6 per treatment group per time point) 317 
at 24 hpi and 48 hpi for A. the interleukins and IL-12 family alpha chains studied, and 318 
B. the IL-12 family beta chains, other cytokines, APPs, Igs, AMPs, master transcription 319 
factors and IFN-γ inducible genes studied. All gene values were normalized against 320 
the housekeeping gene EF-1α followed by normalization against the average relative 321 
expression of control group individuals at 24 hpi. *** = p< 0.001; **= p< 0.01; * = p< 322 
0.05. nd† (not detectable) = no expression in CTRL group, no expression in treatment 323 
group. 324 
nd* = not determined. 325 
 326 
3.2  Response to rYRF  327 
 328 
Within the adipose tissue, the genes which exhibited statistically significant changes 329 
in expression in response to rYRF are displayed in Figure 2, with the average fold 330 
changenormalised Z-scores for all genes examined shown in a heatmapheat map in 331 
Figures 6-7 (with summary statistics for all genes in Suppl. Tables 2-3) to allow a 332 
comparative analysis of the changes seen across the 4 recombinant proteins studied. 333 
Fewer genes were modulated by rYRF relative to A. salmonicida challenge, and some 334 
interesting differences in kinetics were apparent. Most of the genes modulated were 335 
increased significantly at 6 hpi (19), with 12 remaining upregulated at 24 hpi. Of these 336 
IL-1β, IL-6A and IL-6B were more highly upregulated at 6 hpi whilst IL-17C2, SAA, 337 
CATHCathelicidin-2 and hepcidinHepcidin were more highly upregulated at 24 hpi. IL-338 
10A, IL-11, IL-17C1, IL-22, p19A, p35A1, p40B1 and CATHCathelicidin-1 were only 339 
upregulated at 6 hpi, with IL-17D only increased significantly at 24 hpi. In contrast, IL-340 
17A/F2 was significantly downregulated following rYRF stimulation, at 24 hpi.  341 
 342 
Figure 2: Average fold change of gene expression in adipose tissue of fish 343 
administered rYRF which exhibited a statistically significant change in expression 344 
(mean + SE, n=6 per treatment group per time point) at 6 hpi and/or 24 hpi. All gene 345 
values were normalized against the housekeeping gene EF-1α followed by 346 
normalization against the average relative expression of control group individuals. *** 347 
= p< 0.001; **= p< 0.01; * = p< 0.05. 348 
 349 
3.3   Response to rIL-1β  350 
 351 
The genes which exhibited statistically significant changes in expression in adipose in 352 
response to rIL-1β are displayed in Figure 3, with the normalised Z-scores for all genes 353 
examined shown in a heat map in Figures 6-7with the average fold change for all 354 
genes examined shown in a heatmap in Figure 6 (with summary statistics for all genes 355 
in Suppl. Tables 2-3). Of the three recombinant cytokines used, rIL-1β induced the 356 
largest response in adipose tissue, in many ways resembling the response to 357 
pathogen challenge. However, most gene upregulation in response to rIL-1β occurred 358 
at 6 hpi, with the largest increases being seen in pro-inflammatory genes, with IL-1β, 359 
IL-6A, IL-6B, IL-8, IL-11, IL-22, p19A, Cox-2 and hepcidinHepcidin showing increases 360 
in excess of 100 fold. Genes that remained elevated at 24 hpi, often at lower levels of 361 
induction, included IL-4/13B1, IL-8, IL-11, IL-18, IL-22, IFN-γ1, p19A, p40C, 362 
CATHCathelicidin-1, CATHCathelicidin-2 and hepcidinHepcidin. Whilst no genes were 363 
upregulated at 24 hpi only, mIgT was downregulated at this time.  364 
 365 
Figure 3: Average fold change of gene expression in adipose tissue of fish 366 
administered rIL-1β which exhibited a statistically significant change in expression 367 
(mean + SE, n=6 per treatment group per time point) at 6 hpi and/or 24 hpi. All gene 368 
values were normalized against the housekeeping gene EF-1α followed by 369 
normalization against the average relative expression of control group individuals. *** 370 
= p< 0.001; **= p< 0.01; * = p< 0.05. 371 
 372 
3.4  Response to rTNF-α3  373 
 374 
Within the adipose tissue, fewer genes exhibited statistically significant changes in 375 
expression after rTNF-α3 treatment relative to the response to rIL-1β (Figs. 4,  and 6 376 
-7 and, Suppl. Tables 2-3). p19A1 was the most highly induced gene at 6 hpi (~70-377 
fold increase), and whilst this high level expression persisted to 24 hpi it was no longer 378 
significant. Other genes that were only upregulated at 6 hpi included IL-1β, IL-6A, IL-379 
6B and TNF-α2. Interesting a relatively large number of genes were increased 380 
significantly only at 24 hpi (in contrast to rIL-1β induced effects) as with IL-2, IL-4/13B2, 381 
IL-11, IL-15, IL-17C1, IL-17C2, IL-18, IL-22, p40B1, p40C and CATHCathelicidin-1. 382 
More genes were also down regulated in adipose as a consequence of rTNF-α 383 
treatment (vs rIL-1β treatment), as with IFN-γ1, TGF-β1B, TNF-α3 and GATA3 at 6 384 
hpi.  385 
 386 
Figure 4: Average fold change of gene expression in adipose tissue of fish 387 
administered rTNF-α3 which exhibited a statistically significant change in expression 388 
(mean + SE, n=6 per treatment group per time point) at 6 hpi and/or 24 hpi. All gene 389 
values were normalized against the housekeeping gene EF-1α followed by 390 
normalization against the average relative expression of control group individuals. *** 391 
= p< 0.001; **= p< 0.01; * = p< 0.05. 392 
 393 
3.5  Response to rIFN-γ  394 
 395 
The fewest number of genes were modulated by rIFN-γ in adipose tissue relative to 396 
the other treatments. The genes which exhibited statistically significant changes in 397 
expression are shown in Figure 5, with the average fold change for all genes examined 398 
shown in a heatmapheat map in Figures 6-7 6 (with summary statistics for all genes 399 
in Suppl. Tables 2-3). As with the rTNF-α3 treatment group, the increase in expression 400 
was typically modest, with the exception of CXCL11 that was induced >200-fold at 6 401 
hpi, and was still 40-fold increased at 24 hpi. IL-4/13B1, IL-6B, IRF-1 and SOCS1 also 402 
exhibited a modest increase at 6 hpi, which had decreased by 24 hpi with the exception 403 
of IL-4/13B1. IL-8, IL-15, IL-18, IFN-γ1, SAP2, CATHCathelicidin-2 and 404 
hepcidinHepcidin showed induced expression at 24 hpi only, following a significant 405 
decrease in expression at 6 hpi in the case of IFN-γ1.  406 
 407 
Figure 5: Average fold change of gene expression in adipose tissue of fish 408 
administered rIFN-γ which exhibited a statistically significant change in expression 409 
(mean + SE, n=6 per treatment group per time point) at 6 hpi and/or 24 hpi. All gene 410 
values were normalized against the housekeeping gene EF-1α followed by 411 
normalization against the average relative expression of control group individuals. *** 412 
= p< 0.001; **= p< 0.01; * = p< 0.05. 413 
 414 
3.6  HeatmapHeat map analysis 415 
 416 
A comparative analysis of the changes in adipose induced by the 4 recombinant 417 
proteins used in this investigation was performed by calculating the average fold 418 
change of the 58 genes studied in a heat map for 6 hpi (Fig. 6) and 24 hpi (Fig. 7), 419 
with log2-normalisation, followed by standardisation within each treatment group by 420 
calculating the Z-score. Hierarchical clustering using Euclidean distance was then 421 
applied. This revealed a clear distinction in the gene expression patterns found in trout 422 
adipose tissue in response to the four treatments at each time point. At 6 hpi there 423 
was a large overlap in genes expressed in response to rIL-1β and rYRF. At this time 424 
point IL-8, Hepcidin, IL-1β, IL-6A, p19A, and IL-1β, IL-8, IL-6B and hepcidinHepcidin 425 
were all more highly expressed in these groups as well as in response to rTNF-α3. 426 
However, rIL-1β was the only treatment thatshowed an increased in IL-34 and TNF α1 427 
expression while in all other treatment groups these genes were more lowly expressed 428 
or showed little change. In contrast SAA was downregulated by rIL-1β but was 429 
upregulated by rYRF. ConverselyAnother interesting response was seen with , IL-430 
4/13B1, that was refractory in response to rYRF but more highly expressed in 431 
response to rIL-1β and rTNF-α3. Following treatment with rTNF-α3 SAP1, IL-17N, 432 
SAP2, IL-17N and IL-4A/13A were upregulated while the other treatment groups 433 
induced a lower expression of the genes or no change. CuriouslyIL-20 in response to 434 
rTNF-α3 induced a considerably lower expression of IL-20 in comparison to all other 435 
treatment groups and genes, with a similar but smaller effect on itself. In contrast, the 436 
fish administered rIFN-γ showed a high expression of CXCL11, IRF-1, p19A and IL-437 
6B, and this was the only treatment to upregulate . rIL-1β showed an increase in IL-438 
34 and TNF α1 while in all other treatment groups these genes were more lowly 439 
expressed or showed little change. SAA was downregulated by rIL-1β but was 440 
upregulated by rYRF. Conversely, IL-4/13B1 was refractory in response to rYRF but 441 
more highly expressed in response to rIL-1β and rTNF-α3. Lastly, CXCL11, SOCS1, 442 
IL-21 and IL-17D highly expressed in response to rIFN-γ but had lower expression or 443 
no change from the average in response to rTNF-α3, rYRF and IL-1β.  444 
 445 
At 24 hpi fish administered a higher expression in the pro-inflammatory gene 446 
IL-11, and the AMPsIL-6A, Cox-2, Hepcidin, Cathelicidin-1 and Cathelicidin-2 was 447 
found in the adipose for all treatment groups. IL-1β and TNF-α3 showed the highest 448 
degree of overlap in genes differentially expressed, and both induced expression of 449 
IL-17A/F1a and IL-22. rYRF also inducedshowed higher expression of, a unique set 450 
of genesprimarily of pro-inflammatory genes, including TNF-α1, TNF-α2, IL-6B, SAA, 451 
IL-1β, as well as IL-17D and p28A, with all other treatments inducing no change or a 452 
downregulation of these genes. Interestingly rYRF induced no change or a decrease 453 
in expression of p19A, IL-10a, p40C, IL-10A and, mIgM while all other treatment 454 
groups showed mainly increased expression of these genes. IL-17N was much more 455 
lowly expressed in response to this treatment in comparison with all other genes. rIFN-456 
γ was the only treatment to induce a marked increase in expression of CXCL11, MX2, 457 
IFN-γ2, IRF-1, and SAP2, IFN-γ2 and CXCL11 expression  at this time, and induced 458 
the lowest relative expression of T-bet.  459 
A comparative analysis of the changes in adipose induced by the 4 recombinant 460 
proteins used in this investigation was performed by calculating the average fold 461 
change of the 58 genes studied in a heat map for 6 hpi (Fig. 6) and 24 hpi (Fig. 7), 462 
with log2-normalisation, followed by standardisation within each treatment group by 463 
calculating Z-score. Hierarchical clustering using Euclidean distance was then applied. 464 
This revealed a clear distinction in the gene expression patterns found in trout adipose 465 
tissue in response to the four treatments at each time points. At 6 hpi the highest 466 
number of genes upregulated was in response to rIL-1β and the least number of genes 467 
upregulated was in response to rIFN-γ. At this time point there was a large overlap in 468 
genes upregulated in response to rIL-1β and rYRF. IL-6A, p19A, IL-22, IL-1β, IL-8, IL-469 
6B and hepcidinHepcidin were all strongly upregulated in these groups as well as in 470 
response to rTNF-α3. In contrast, the fish administered rIFN-γ only showed clear 471 
upregulation of p19A and IL-6B. rIL-1β showed an increase in  IFN-γ2, IL-17A/F1 and 472 
p40C while in all other treatment groups these genes were downregulated or showed 473 
little change. Interestingly, SAP1, SAP2, IL-17N and IL-17A/F2a were more highly 474 
upregulated in response to rTNF-α3 while rIL-1β induced almost no change, and rYRF 475 
induced a downregulation. SAA was downregulated by rIL-1β but was upregulated by 476 
rYRF. Conversely, IL-4/13B1 was refractory in response to rYRF but upregulated in 477 
response to rIL-1β and rTNF-α3. Lastly, IRF1 and SOCS1 were upregulated in 478 
response to rIL-1β and rIFN-γ but downregulated in response to rTNF-α3 and rYRF.  479 
 480 
At 24 hpi fish administered rYRF showed the largest degree of upregulation, primarily 481 
of pro-inflammatory genes including TNF-α1, TNF-α2, IL-6B, IL-17C2, IL-1β as well as 482 
SAA, with all other treatments inducing no change or a downregulation of these genes. 483 
An upregulation in the pro-inflammatory genes IL-11, IL-6A, Cox-2 and IL-8 was found 484 
in the adipose from the rYRF, rIL-1β and rTNF-α3 treatment groups, but not the rIFN-485 
γ treatment group. Interestingly rYRF induced no change or a downregulation of IL-486 
15, IL-21, IL-10A and p19A, while all other treatment groups showed mainly 487 
upregulation of these genes.  rIFN-γ was the only treatment to induce a marked 488 
upregulation of  MX2, IRF-1, SAP2, IFN-γ1/2 and CXCL11 expression at this time. 489 
 490 
Figure 6: Expression data from 58 genes examined at 6 hpi were normalized against 491 
the housekeeping gene EF-1α, followed by normalization against the average relative 492 
expression of control group individuals. Values were log2 normalised and Z-scores 493 
calculated within each treatment group (rIFN-γ, rIL-1β, rTNF-α3, and rYRF). The 494 
dendrograms visualise hierarchical clustering using Euclidean distance. Average fold 495 
change of the 58 genes studied in fish administered recombinant proteins (rIFN-γ, rIL-496 
1β, rTNF-α3, and rYRF) relative to control samples at 6 hpi (Fig. 6A) and 24 hpi (Fig. 497 
6B). Each column displays the average fold change (n=6) and each row corresponds 498 
to the individual genes. Expression levels are colour coded relative to the control 499 
group: blue for downregulation, red for upregulation and white for no difference 500 
compared to the control. The dendrogram on the left illustrates the final clustering tree 501 
resulting from hierarchical clustering of gene values.  502 
 503 
Figure 7: Expression data from 58 genes examined at 24 hpi were normalized against 504 
the housekeeping gene EF-1α, followed by normalization against the average relative 505 
expression of control group individuals. Values were log2 normalised and Z-scores 506 
calculated within each treatment group (rIFN-γ, rIL-1β, rTNF-α3, and rYRF). The 507 
dendrograms visualise hierarchical clustering using Euclidean distance.  508 
 509 
 510 
4. Discussion 511 
 512 
Adipose is no longer considered to be an inert tissue functioning solely as an energy 513 
store but is has emergeding as an important site for the regulation of many pathological 514 
processes (Matarese & La Cava, 2004; Tilg & Moschen, 2006; Grant & Dixit, 2015). 515 
In addition to containing immune cells, in mammals the adipocytes themselves can 516 
express pro-inflammatory, anti-inflammatory and immune-modulating proteins and 517 
peptides (Miner, 2004; Rangel-Moreno et al., 2009). Indeed, high levels of pro- and 518 
anti-inflammatory cytokines are present under normal physiological conditions in 519 
human omentum and under pathological conditions a significant induction of these 520 
molecules can occur (Chandra et al. 2011). Human adipocytes respond strongly to 521 
lipopolysaccharides (LPS) and it has been suggested that the omentum is an 522 
important site of antibody formation when the route of administration is via i.p.ip 523 
injection (Walker and Rogers, 1960; Rangel-Moreno et al., 2009). Although much 524 
attention has been given to adipose tissue with regard to obesity in mammals, it is a 525 
largely unexplored immune site in other animal models or farmed species. Interestingly 526 
in farmed trout selection for rapid growth is associated with increased amounts of fat 527 
used for storage, with visceral fat a moderately heritable trait (Kause et al., 2002). 528 
Thus the potential immune modulatory role of adipose in this species is important to 529 
establish. 530 
 531 
In fish Ig (IgM and IgT) reactivity was identified recently in the interstitial space 532 
between adipocytes in rainbow trout (Pignatelli et al., 2014) and the transcription levels 533 
of both IgM and IgT increased in adipose in response to oral vaccination (Ballesteros 534 
et al. 2013). The leukocytes present in trout adipose were mostly lymphocyte-like, with 535 
~80% expressing MHC-II on their surface (Pignatelli et al., 2014). Interestingly, 536 
following i.p.ip viral challenge with VHSV the virus was taken up by the adipocytes and 537 
could replicate, subsequently inducing upregulation of a variety of antiviral genes (eg 538 
Mx, IFN-γ) and secretory IgM (sIgM) (Pignatelli et al., 2014). To date no studies have 539 
addressed the response of fish adipose tissue to bacterial infection. However, our 540 
previous study of trout vaccinated with Aeromonas salmonicida oil-adjuvanted 541 
vaccines showed that a large number of genes were modulated in adipose tissue, 542 
especially the pro-inﬂammatory genes which were strongly upregulated (Veenstra et 543 
al., 2017). Hence in the present study we extended these findings and initially 544 
examined the impact of A. salmonicida infection to modulate immune gene expression 545 
in trout adipose tissue, at 24 h and 48 h post-challenge.  546 
 547 
Following bacterial infection a large number of immune genes (~75% of those 548 
examined) were highly upregulated in response to the pathogen, with the majority 549 
upregulated at both time points. The most highly upregulated (>100-fold) genes were 550 
pro-inflammatory cytokines (IL-1β, IL-6A, IL-6B), antimicrobial peptides 551 
(CATHCathelicidin-2, hepcidinHepcidin), and other genes involved in pro-552 
inflammatory responses such as COX-2 and SAA, with the cytokines being higher at 553 
24 h vs 48 h in contrast to most of the other molecules. Curiously IRF1 was also highly 554 
upregulated at 48 h post-challenge, perhaps also linked to IL-6 release, or the more 555 
modest but highly significant upregulation of IFN-γ at this time. LPS is a major cell wall 556 
component of Gram negative bacteria such as A. salmonicida and studies in humans 557 
have shown it can induce pro-inflammatory cytokines (eg IL-1β, IL-2, IL-4, IL-8, IL-10 558 
and TNF-α) in omentum (Chandra et al., 2011). Similarly, during LPS-induced 559 
systemic inflammation in mice adipose was found to be the major source of IL-6 (Starr 560 
et al., 2009). In trout IL-6 is known to induce AMPs such as CATHCathelicidin-2 and 561 
hepcidinHepcidin but not CATHCathelicidin-1 (Costa et al., 2011), perhaps suggesting 562 
these effects in trout adipose are IL-6 induced. TNF-α1 and -α2 were also increased 563 
to a relatively high degree post A. salmonicida infection, in contrast to TNF-α3/-α4. 564 
Curiously the opposite is seen in adipose tissue post-vaccination where TNF-α3 is 565 
more highly upregulated in fish that are expected to establish protective immunity to 566 
furunculosis (Veenstra et al., 2017). These isoforms represent the two types of TNF-567 
α present in teleosts, as a consequence of a teleost whole genome duplication (WGD) 568 
event, with further duplication from a salmonid specific WGD (Zou et al., 2003; Laing 569 
et al., 2001; Hong et al., 2013). Classical cytokines involved in Th17 type responses 570 
(IL-17A/F1-3 and IL-22) considered crucial for protection against extracellular 571 
pathogens, showed no change post infection or were downregulated (IL-22), perhaps 572 
because adipocytes cannot express these genes or the pathogen can suppress their 573 
expression. However, a modest increase in IL-17C (especially IL-17C2) and IL-17D 574 
was apparent. Moderate upregulation of p19 and p35 (alpha chains for IL-23 and IL-575 
12/IL-35 respectively) was also seen, alpha chains for IL-23 and IL-12/IL-35 576 
respectively, but no significant changes in p28 (alpha chain for IL-27) were foundseen., 577 
which is the alpha chain for IL-27 (with EBI3) (Vignali and Kuchroo, 2012). Indeed, 578 
that EBI3 (betaalpha chain for IL-27 and IL-35) was downregulated at 48h post-579 
infection suggests that IL-35 was also not produced. Lastly, sIgM and sIgT were 580 
upregulated in response to live A. salmonicida, as early as 24 hpi, in contrast to 581 
challenge with live virus (VHSV) where this was not seen until 5 days post injection 582 
(Pignatelli et al., 2014). The mechanisms of antigen presentation/ lymphocyte 583 
activation in adipose should be investigated further, as a significant increase in the 584 
sIgM transcript was also seen in trout adipose post-vaccination (Veenstra et al., 2017).  585 
 586 
We next studied the effect of flagellin on adipose gene expression, since it is a 587 
powerful bacterial PAMP able to increase pro-inflammatory cytokine expression in a 588 
range of immune tissues in salmon (Hynes et al., 2011) and can induce non-specific 589 
protection to bacterial infection in trout (Scott et al., 2013). Overlap in genes induced 590 
following stimulation with A. salmonicida and rYRF was apparent, with genes such as 591 
IL-1β, IL-6, IL-8, SAA, CATH Cathelicidin-2, Cox-2 and hepcidinHepcidin highly 592 
induced, with TNF-α1 and -α2 more modestly induced. Some differences in kinetics 593 
were apparent, with IL-1β and IL-6 being much higher at 6 hpi, whereas SAA, 594 
CATHCathelicidin-2 and hepcidinHepcidin were higher at 24 hpi. Interestingly several 595 
genes not induced by infection were notably induced by YRF, including IL-11, IL-22, 596 
and CATHCathelicidin-1, and p19A was induced to a much higher level. This may 597 
imply that different antimicrobial pathways are being stimulated, although again there 598 
was no upregulation of IL-17A/F expression seen. Lastly, in contrast to infection no 599 
change was seen in Ig or IFN-γ inducible gene transcript levels. Previous work using 600 
YRF for in vitro stimulation found that most pro-inflammatory cytokines and IL-12 601 
family cytokines, together with APPs and AMPs were highly induced in a trout (RTS-602 
11) macrophage/monocyte cell line (Wangkahart et al., 2016). However, the study of 603 
Chettri et al. (2011) using trout HK leukocytes stimulated with flagellin induced only 604 
moderate upregulation of pro-inflammatory cytokines and a down regulation of IL-6.  605 
 606 
To understand further the reactivity of trout adipose to pro-inflammatory factors, 607 
we studied the impact of i.p.ip injection of the pro-inflammatory cytokines IL-1β, TNF-608 
α3 and IFN-γ. IL-1β is considered a key cytokine for the early response following 609 
immunostimulation and essential for resistance to pathogens. Previously, trout rIL-1β 610 
was shown to increase IL-1β, Cox-2, TNF-α and MHC II (β chain) transcription in RTS-611 
11 cells (Hong et al., 2001; Laing et al., 2001) and when administered i.p.ip increased 612 
head kidney IL-1β and Cox-2 expression (Hong et al., 2001). In this study IL-1β was 613 
shown to induce the expression of many immune genes in adipose, largely 614 
overlapping with the responses to YRF and A. salmonicida infection. A large increase 615 
(>200-fold change) was seen of itself, IL-6(A,B), IL-8, IL-11, IL-22, Cox-2 and 616 
hepcidinHepcidin, with higher expression seen at 6 hpi than 24 hpi. Several of the IL-617 
12 family α/β subunits were again upregulated, especially p19A. More modest 618 
upregulation was seen for TNF-α1 and –α2 at 6 hpi, and for CATH Cathelicidin-1/2, 619 
which persisted to 24 hpi. Moderate upregulation of IL-4/13B1 was also seen, 620 
considered a type-2 cytokine in fish (Wang et al., 2016) but was not associated with 621 
any change in Ig transcript levels. Curiously SAA was not upregulated by IL-1β in 622 
adipose. It is highly and selectively expressed in human adipocytes and can be 623 
modulated by stimulation with inflammatory cytokines (Yang et al., 2006) but in fish it 624 
appears to be more responsive to PAMPs. Lastly, there was again no impact on IL-625 
17A/F expression (although IL-17C1 and IL-17D were upregulated ~10-fold at 6 hpi) 626 
or Th associated transcription factors.  627 
 628 
TNF-α3 is a type II TNF- α in teleosts, and has been shown to elicit a range of 629 
biological activities in trout (Hong et al., 2013), similar to the effects seen with TNF-630 
α1/2 (Zou et al., 2003). In primary HK macrophages rTNF-α3 stimulation leads to 631 
upregulation of IL-1β, IL-6, IL-8, IL-17C1, TGF-β1B, Cox-2, TNF-α2 and IL-34 at 4 h 632 
post-stimulation (hps); TNF-α1, CATHCathelicidin-1 and hepcidinHepcidin at 8 hps; 633 
and TNF-α3, IL-17C2 and SOCS1 at 24 hps (Hong et al., 2013). In mammals TNF-α 634 
expression can increase in adipose tissue and is thought to play a crucial role in 635 
metabolic diseases such as obesity, insulin resistance and type 2 diabetes (Tilg & 636 
Moschen, 2006; Ouchi et al., 2011). The results of our study found that in vivo 637 
stimulation of trout adipose by i.p.ip injection of rTNF-α3 resulted in relatively few 638 
changes in gene expression, with modest increases (5-20-fold) seen, as with IL-639 
4/13B1, IL-6 (A,B), p40C and CATHCathelicidin-2 expression at 6 and/or 24 hpi. p19A 640 
was an exception and showed the highest upregulation (71-fold) at 6 hpi. At 24 hpi 641 
upregulation of p40B1 and p40C was also seen, suggesting again that IL-23 is likely 642 
produced in adipose tissue. Contrary to the results found by Hong et al. (2013) with 643 
HK macrophages, rTNF-α3 induced a significant downregulation of IFN-γ1, TGF-β1B 644 
and TNF-α3 in adipose at 6 hpi, potentially as a negative feedback on the latter.  645 
 646 
IFN-γ is mainly synthesized and secreted by Th1 cells and NK cells, and acts 647 
on many types of target cell to mediate leukocyte trafficking, enhance antigen 648 
presentation and exert antiviral and antimicrobial properties via the JAK/STAT 649 
signalling pathway (Schroder et al., 2004; Robertsen, 2006; Sun et al., 2011). In fish 650 
it modulates cytokine and chemokine expression with induction of IL-1β, IL-6, IL-12, 651 
TNF-α and CXCL11 in macrophages/ phagocytes (Zou et al., 2005; Grayfer et al., 652 
2010, Arts et al., 2010). However, IFN-γ affected the fewest number of genes in 653 
adipose tissue of the stimulants used in this study, with just 12 genes modulated. Of 654 
these the IFN-γ inducible genes CXCL11, IRF1 and SOCS1 showed some of the 655 
largest effects, confirming the rIFN-γ was active. In mammals  IFN-γ is known to 656 
increase CXCL11 expression in adipocytes (Rocha et al. 2008). Interestingly, rIFN-γ 657 
treatment down-regulateddownregulated IFN-γ expression at 6 hpi in adipose, again 658 
possibly as a negative feedback effect in the short term, with subsequent upregulation 659 
by 24 hpi possibly linked with upregulation of IL-15 and IL-18 that are known to induce 660 
IFN-γ (Okamura et al., 1995; Wang et al., 2007).  IFN-γ was the only treatment that 661 
had no effect on IL-12 family genes, most pro-inflammatory genes, AMPs and APPs, 662 
although uniquely SAP2 was upregulated. The upregulation of IL-4/13B1 is interesting, 663 
and is one of three IL-4/13 paralogues identified in trout with overlapping yet distinct 664 
functionalities (Wang et al., 2016). The constitutive expression of IL-4/13B1 and B2 665 
isoforms in most tissues is lower compared to IL-4/13A, but they are more highly 666 
induced by infection and PAMP stimulation. In response to  rIFN-γ no significant 667 
modulation of IL-4/13 occurred in primary rainbow trout HK macrophages, so the effect 668 
here could be part of the antagonistic actions between IL-4 and  IFN-γ that occur due 669 
to their roles in Th1 and Th2 functional polarity (Boehm et al. 1997).  670 
 671 
In conclusion, this study has demonstrated that fish adipose is capable of 672 
expressing a large range of immune molecules in response to stimulation with a live 673 
bacterium, a bacterial PAMP (Y. ruckeri flagellin), and the pro-inflammatory cytokines 674 
IL-1β, TNF-α3 and IFN-γ. Following infection and stimulation with flagellin and IL-1β a 675 
large upregulation of transcripts encoding pro-inflammatory and antimicrobial 676 
molecules was seen, with a high degree of overlap. TNF-α treatment affected relatively 677 
few genes and the effects were more modest (ie increases of 5-20-fold). IFN-γ had the 678 
smallest impact on adipose but IFN-γ inducible genes showed some of the largest 679 
effects. Overall, it is clear that adipose tissue should be considered an active immune 680 
site in fish, capable of participating in and influencing immune responses through the 681 
release of many immunomodulatory molecules.  682 
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